The integrity of wellbore structures, which is the basis of oil and gas production in soft mudstone, is significantly affected by drilling and cementing. A coupling wellbore structural model of casing-cement sheath-mudstone formation was proposed in this study to study the mechanism of wellbore structural instability during drilling and cementing. Plastic softening and elastic modulus hardening models were employed to describe the constitutive relationship of soft mudstone and cement sheath, respectively. The plastic damage of near-wellbore formation and cement sheath in the physical processes, namely, drilling, casing down, cement slurry injection, and hardening, was numerically analyzed with different fluid pressures and boundary loads on the wellbore. Results demonstrate that drilling and seepage-stress coupling are the important mechanisms of wellbore structural instability in soft mudstone. Furthermore, cementing and cement hardening can further promote the plastic damage of the soft mudstone near the wellbore, with a 10% increase range. The tensile hoop and the radial compressive stresses during cementing, which lead to the cement sheath's fracture leakage, are the main reasons of cement sheath failure. Meanwhile, a cement slurry system with low elastic modulus and high Poisson's ratio can maintain the integrity of the wellbore structure in subsequent production and operation. The proposed method provides a certain reference for optimizing construction parameters and cement slurry systems during drilling and cementing.
Introduction
The exploitation and development scales of unconventional oil, gas, and geothermal resources are expanding. The hydrocarbon release caused by low-quality cement and wellbore structural failure presents rapidly rising trend. Therefore, the importance of wellbore structural integrity analysis in oil and gas production is becoming increasingly highlighted [1] [2] .
Traditional wellbore structural integrity evaluation mainly aims at oil well production and operation stages without considering wellbore construction processes, such as well drilling and well cementing. Plastic damage is influenced by wellbore pressure, non-uniform ground stress, slurry flow in well drilling and cementing, formation creeping/nonlinear deformation, and temperature change. Damage may be generated at cement sheath and formation near wellbore in the well drilling and cementing process, thereby posing a severe threat to wellbore structural safety during the subsequent operation stage, and the problem is especially prominent at sensitive soft mudstone formation [3] . However, wellbore construction involves a series of complicated factors, including multimedium/interfacial structures, nonlinear deformation, temperature/fluid/stress coupling, and loading/unloading history of construction and production. These factors constitute enormous challenges to studies regarding wellbore structural integrity in well drilling and cementing.
Scholars have performed numerous studies on wellbore structural integrity in the well drilling and cementing process and its influence factors [4] [5] [6] [7] [8] [9] [10] [11] . However, they considered the effect of operating load on wellbore structures in only a specific stage and did not take well drilling and cementing for analysis. As such, the evaluation results of wellbore structural integrity cannot truly reflect wellbore stress and deformation in field operation, and existing methods have great limitations for sensitive mudstone-type formation with low-intensity and high-plasticity mechanical characteristics. Therefore, establishing an analytical model for wellbore structural integrity and analyzing the influence factors in the physical processes-well drilling, casing down and cement paste injection, and hardening are problems requiring urgent solutions.
Based on the above analysis, a coupling wellbore structural model of casing-cement sheath-mudstone formation is established, and wellbore numerical algorithm of multiple physical processes is used to analyze damage evolution of mudstone nearby the well and its influence factors, aiming at providing a reference for soft mudstone wellbore integrity control technology. simulation to investigate wellbore structural integrity at present.
State of art
On the basis of a laboratory test, Goodwin et al. [4] simulated the generation process of radial cracks on a casing-cement sheath structure caused by internal pressure and temperature expansion; they also studied the influence of low-intensity tough cement material on the airtightness of cement sheath. However, the influences of ground stress and operating load are not considered in this study. On the basis of a plane strain coupling model of a casing pipe-cement sheath-formation, Wang et al. [5] and Simone et al. [6] developed a theoretical elasticity model of stress and deformation of wellbore structures that were under the effects of non-uniform ground stress and uniform internal pressure. However, the established model simplifies actual production conditions in quantity, thereby resulting in large errors between model analysis result and measured data. Therefore, Thiercelin et al. [7] used thermo-elasticity theory to perfect the thermo-elastic stress solution of a plane group object; they then studied the influence of cement sheathwellbore interfacial separation on wellbore structural integrity. The accuracy of the results of this study has greatly improved, but these findings are applicable to wellbore structural stability analysis under static loads only, and fluid seepage in actual production is not considered. Tang et al. [8] developed a stress distribution model of a horizontal well fracture casing-cement sheath-formation system in consideration of hydraulic fracture-induced stress field. However, this model considers the mechanical response of the wellbore under fluid pressure but not temperature influence. Chen et al. [9] established a collapse pressure calculation method using a weak bedding plane and analyzed the influence of well trajectory and weak bedding plane on wellbore stability. However, the presented method does not consider ground stress change during well drilling to collapse the conditions of a specific bedding plane. Considering the effect of hydration, Ding et al. [10] analyzed wellbore stability after contact between shale and drilling fluid and proposed a strength criterion suitable for mudstone. The criterion is applicable to wellbore stability analysis during well drilling, but the wellbore stress caused by the hardening of cement sheath during well cementing is not considered. Brandao et al. [11] presented a relatively perfect evaluation model of wellbore structural integrity, which they used to analyze the influences of initial in-situ stress and cementing pressure. However, the model does not consider the influences of cement hardening and formation pore pressure on wellbore stability. According to equivalent plastic strain criterion, Fan et al. [12] analyzed the relative variation of equivalent plastic strain of wellbore rock and formation pressure attenuation. Then, they investigated the relationship between critical differential pressure of production and attenuation of formation pressure. The influence of formation pressure change during production on wellbore stability is considered, but the influences of casing pipe and cement sheath are ignored. Aiming at the influence of wellbore construction and material nonlinearity on wellbore integrity, Li [13] analyzed six cases of wellbore failure with a multiphysical process numerical method. However, the load linkage in the drilling and cementing process is neglected, thereby failing to realize the whole wellbore loading course. Liu et al. [14] used triaxial mechanical test to simulate rock stress change in the drilling and unloading process and analyzed the influence of unloading on mechanical properties of mudstone. The relationship among cohesion, internal friction angle, and unloading range of mudstone was studied. However, the effect of cement hardening on wellbore stability is neglected.
Existing studies mainly focused on wellbore failure mechanism under internal pressure and temperature load in specific processes. They don't consider the loads in different stages and their sequential linkage during wellbore construction. Few studies have analyzed wellbore structural damage in the whole loading course. Plastic softening and elasticity modulus hardening models are used in the current study to describe constitutive relationship between soft mudstone formation and well cementing cement sheath. A numerical coupling model of casing pipe-cement sheath-soft mudstone is developed. Wellbore structural deformation and stress in well drilling, casing down, and cement hardening are analyzed, and the plastic damage evolution laws of formation near the wellbore and well cementing cement sheath are investigated. Based on the presented model, the influences of elasticity modulus and Poisson's ratio of cement sheath on wellbore structural stability are discussed. The results provide a certain reference for optimization of construction parameter and cement slurry system during drilling and cementing.
The remainder of this study is organized as follows. The numerical model of casing-cement sheath-wellbore structure is developed in section 3. Plastic damage evolution laws of mudstone near wellbore and well-cementing cement sheath are investigated, and the influences of elasticity modulus and Poisson's ratio of cement sheath on wellbore structural stability are discussed in Section 4. The present study is summarized, and relevant conclusions are drawn in the final section.
Methodology
Plastic softening and elasticity modulus hardening models are used to describe the constitutive relationship between soft mudstone and cement sheath formation. The numerical coupling model of casing-cement sheath-wellbore structure is then developed. Based on the model, the processes under sequential linkage, namely, well drilling, casing down, and cement hardening, are simulated. Stress and deformation of the wellbore structure in different stages are analyzed to provide data for discussing the wellbore failure mechanism and studying the evolution laws of wellbore structural damage.
Constitutive model of soft mudstone and cement sheath formation

Plastic softening model of soft mudstone formation
Mudstone has remarkable plastic softening characteristics due to high confining pressure. Stress-strain curves are introduced in this study to describe elastic plastic behaviors of soft mudstone, as shown in Fig. 1 .
Mohr-Coulomb (M-C) plastic strain softening model is adopted for plastic deformation or damage of AB segment, and M-C yield function and rock strength softening model are combined to describe post-peak plastic softening behaviors of the medium. Function curve F can be expressed as:
Where 1 σ is the maximum effective principal stress, 3 σ is the minimum effective principal stress, c is the cohesion and ϕ is the internal friction angle. 
Where 0 c is Initial cohesion, * c is residual cohesion, 0 ϕ is initial internal friction angle, * ϕ is residual friction angle, ε is total strain level, e 1 ε is elastic proportional limit strain, p 1 ε is plastic damage limit strain, c M is cohesion softening modulus and M ϕ is internal friction angle softening modulus.
Elasticity modulus hardening model of cement
Numerical changes in elasticity modulus are substantial during cement hardening, whereas those in Poisson's ratio are minor. Alber et al. [15] used sound velocity method to determine elasticity modulus change during cement hardening, as shown in Fig. 2 . The Poisson's ratios of well cementing cements of A, B, and C models are 0.15, 0.22, and 0.286, respectively.
In the cement hardening process, variable elasticity modulus parameters are used to analyze stress, which is shown in Fig. 2 . The yield state is described by Drucker-Prager function f and cement stress is corrected.
Where 1 I is the first invariant of stress tensor, and 2 J is the second invariant of stress deviation. α and k are material parameters related to internal friction angle and cohesion. 
Numerical simulation of multiple physical processes
(1) Initial ground stress equilibrium Initial ground stress, pore pressure, boundary condition, and material property are assigned to the whole model for ground stress equilibrium analysis. The equilibrium between material property and initial stress state is established to simulate the initial occurrence stress state of the formation. In this step, the numerical model contains only formation rocks, as shown in Fig. 4(a) .
(2) Well drilling In well drilling and unloading, wellbore area units are removed to simulate drilling and pore-forming process. Drilling fluid pressure is applied to the wellbore, as shown in Fig. 4(b) .
In seepage-stress coupling, the pore pressure boundary equal to drilling fluid pressure is defined on the wellbore, and a seepage analysis module is used to calculate fluid the seepage-stress coupling effect. Meanwhile, formation permeability undergoes dynamic correction during calculation, and pore fluid seepage process is simulated.
(3) Cementing process Simulation of the well cementing process is divided into links, as shown in Fig. 4(c) and Fig. 4(d) . In casing down, the units at casing are activated, and drilling fluid pressure w P is applied to the inside and the outside of the casing to simulate the process of casing down.
The process of cement injection is that: cement is firstly injected in the casing while wellbore friction is neglected.
According to the cement hardening model established in Section 2.2, the elasticity modulus of well cementing cement increases with time during hardening, whereas the Poisson's ratio remains unchanged. Calculation is conducted in four time steps. Finally, a D-P plastic model is adopted for cement sheath activation and cementing, where cohesion and internal friction angles are constants, as shown in Table 1 . 
Result Analysis and Discussion
Stress and plastic damage near wellbore during well drilling and cementing
Based on coupling numerical model of casing-cement sheath-wellbore structure established in section 3.2, a numerical analysis of formation stress distribution nearby wellbore in the well drilling and cementing process is conducted. Fig. 5(a) and Fig. 5(b) show radial and circumferential stress distribution changes in the direction of minimum horizontal principal stress (BC direction) in the formation near wellbore. In well drilling, the circumferential stress reaches its maximum distance from the wellbore at 1.1 w r because of stress concentration during drilling unloading. Thereafter, the radial and the circumferential stresses are locally adjusted and redistributed due to the seepage coupling effect between the mudstone and drilling fluid. The peak value of the circumferential stresses gradually moves out to reach a distance of 1.6 w r from the wellbore. Equivalent plastic strain is used to characterize the plastic damage of the soft mudstone formation. The critical equivalent plastic strain, that is, the equivalent plastic strain needed for the material to generate plastic damage, is defined as 1% [17] . According to a comparison of the distribution ranges of the plastic damage zones near the wellbore, which is shown in Fig. 6(a) and Fig. 6(b) , the stress distribution and plastic damage degree of the soft mudstone wellbore are greatly influenced by seepage or stress coupling effect. The plastic damage zone near wellbore expands considerably. The range of seepageinduced damage zone reaches 0.5 times the wellbore radius in Fig. 6(b) relative to that in Fig. 6(a) . Hence, sophisticated regulation technology should be adopted during well drilling calculation.
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Pressure load fluctuation occurring in the cementing stage has a certain influence on the degree of plastic damage of the formation near the wellbore. The range of plastic damage generated by well cementation in Fig. 6 (c) is higher by approximately 10 times than that in Fig. 6(b) . Therefore, well drilling and the seepage-stress coupling effect are the main factors that control and influence the stress distribution of mudstone wellbore. The influence on stress distribution near the wellbore is minor during well cementing, whereas the influence on the plastic deformation-induced damage degree is significant.
Evolution laws of cement sheath stress during well cementing
Based on the numerical coupling model of casing-cement sheath-wellbore structure established in section 3.2, a numerical analysis of stress change in the formation near wellbore during cement sheath hardening process is conducted. Four cement hardening time points are selected for fine analysis. These time points are initial (activated), 1st day, 2nd day, and 28th day stiffness. Elasticity modulus values corresponding to the time points are selected and substituted into the constitutive Equation (4), and all Poisson's ratios are taken as 0.286 of C-type cement.
In the model, the elasticity modulus of the cement sheath changes from 1.5 a GP at initial activation to 13.5 a GP on the 28th day. As the cement sheath stiffness gradually increases, stress change in the formation near the wellbore is minor, except for the stress at the secondary cement sheathformation interface, as shown in Fig. 7 (a) (radial stress) and Fig. 7 (b) (circumferential stress), which are identical with the results in Fig. 5 . The results indicate that the deformation of cement sheath is not enough to influence stress distribution near wellbore when thickness is 3 cm . Local cement hardening effect might not be considered during stability analysis for wellbore structure.
During well cementing, cement sheath hardening is actually a process of gradually establishing the stiffness and bearing pressure loads of casing and formation. Fig. 7 shows stress evolution of the cement sheath structure. The elasticity modulus of cement sheath gradually increases during hardening, and two-way compressive stress on cement sheath structure in the annular between casing and wellbore is enhanced. In addition, the radial compressive stress of the cement sheath increases, as shown in Fig. 7(a) . The radial compressive stress at the primary interface (cement sheathcasing) is obviously higher than that at the secondary interface (cement sheath-formation). The gradient and nonuniformity of radial compressive stress inside the cement sheath causes circumferential tensile stress at the primary interface, as shown in Fig. 7(b) . Approximately 4.0 a MP circumferential tensile stress is generated at the primary interface after 28 days of cement sheath hardening. Radial tension fissures might develop from inside to outside, which goes against the airtightness of cement sheath and the follow-up production and operation of the wellbore structure. As elasticity modulus increases in the well cementing process, radial compressive stress and circumferential tensile stress of the cement sheath both significantly increase, and both of which reach maximum values at the primary interface. Meanwhile, plastic deformation of the cement sheath could adjust the stress distribution and reduce stress gradient or non-uniformity. Therefore, cement paste system with small elasticity modulus is recommended in the well cementing construction process.
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Furthermore, plastic deformation damage is generated in the high-stress zone due to radial compressive and circumferential tensile stresses, which present non-uniform distribution along the thickness direction of the cement sheath, as shown in Fig. 8 . The equivalent plastic strain at the primary interface reaches 0.24%.
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Influence of Poisson's ratio of the cement sheath
Three typical cement slurry systems in Section 2.2 are selected. The Poisson's ratios of these systems are 0.15, 0.22, and 0.286. Elasticity modulus of well cementing cement is unchanged, and the value is 13.5 a GP . Poisson's ratio is a mechanical index reflecting compatibility of material deformation, and Poisson's ratio of tough material is higher.
Figs. 9(a) and 9(b) show the radial and circumferential stress distributions of the cement sheath when their Poisson's ratios are different. As Poisson's ratio increases, radial stress of the cement sheath is adjusted to a certain degree but not substantially. Circumferential stress reduces by about 0.6 a MP as Poisson's ratio increases at a significant level, thereby restraining the generation of tensile cracks at the primary interface.
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Conclusions
To describe the failure mechanism of wellbore structural and influence factors of its integrity during well drilling and cementing, a numerical method of multiple physical processes was used to analyze the deformation and stress evolution of soft mudstone formation and cement sheath. The model was presented from the viewpoint of plastic deformation, stress distribution of the formation near the wellbore, and evolution of hardening stress of cement sheath. The following conclusions could be drawn.
(1) During well drilling, drilling-induced borehole and seepage-stress coupling effect are important to control wellbore structural stability in soft mudstone formation. Cement hardening can further promote plastic damage of the formation near wellbore with 10% growth range.
(2) During cement hardening, high radial compressive stress occurs at the primary interface of casing-cement sheath, which results in circumferential tensile stress. Circumferential tension stress is prone to producing tension cracks, thereby leading to wellbore seal failure and leakage.
(3) By adjusting the formulation of cement slurry system, the toughness of cementing cement material can be enhanced in many ways, such as reducing elastic modulus and increasing Poisson's ratio, which are beneficial to reduce the risk of circumferential tensile failure and maintain the integrity of cement sheath. As the key link of connecting casing and mudstone wellbore, cement has to meet the requirements of inheriting the mechanical strength of compressive load between casing and formation, coordinating the deformation, maintaining the integrity, and sealing of the first and second interfaces, among others. Deformation and failure mechanism are extremely complex. Therefore, in view of the specific wellbore temperature and pressure loading environment, a fine mechanical analysis of deformation characteristics of the cement sheath should be conducted by combining physical model tests and numerical simulations. Results are beneficial to achieving the best matching of the strength and toughness of cement material and providing theoretical support for improving the process design of cement slurry material system.
